Bacterial tRNAs frequently have 4-thiouridine (s 4 U) modification at position 8, which is adjacent to the C13-G22-m 7 G46 base triple in the elbow region of the tRNA tertiary structure. Irradiation with light in the UVA range induces an efficient photocrosslink between s 4 U8 and C13. The temperature dependence of the rate constants for photocrosslinking between the s 4 U8 and C13 has been used to investigate the tRNA conformational energy and structure in Escherichia coli tRNA Val , tRNA Phe , and tRNA fMet under different conditions. Corrections have been made in the measured rate constants to compensate for differences in the excited state lifetimes due to tRNA identity, buffer conditions, and temperature. The resulting rate constants are related to the rate at which the s 4 U8 and C13 come into the alignment needed for photoreaction; this depends on an activation energy, attributable to the conformational potential energy that occurs during the photoreaction, and on the extent of the structural change. Different photocrosslinking rate constants and temperature dependencies occur in the three tRNAs, and these differences are due both to modest differences in the activation energies and in the apparent s ) and a larger apparent s 4 U8-C13 distance (;12 Å ) compared to values for the same parameters in buffers with Mg 2+ (;26 kJ mol À1 and 0.36 Å , respectively). These measurements are a quantitative indication of the strong constraint that Mg 2+ imposes on the tRNA flexibility and structure.
INTRODUCTION
The tRNA L-shaped tertiary structure is critical to many of its biological functions and there has been a continuing interest in the tRNA structure in translation (Yarus and Smith 1995; Yarus et al. 2003; Ogle and Ramakrishnan 2005) . The connection between divalent ions and the stabilization of the tRNA tertiary structure has been addressed by several approaches. Binding analysis indicates that at least one Mg 2+ in tRNA fMet (Cohn et al. 1969; Stein and Crothers 1976a,b) or two to three Mg 2+ in tRNA Phe (Lynch and Schimmel 1974; Römer and Hach 1975) are bound at high affinity sites and are associated with formation of the tertiary structure. The locations for the strong binding sites for Mg 2+ are suggested by the crystal structure; two likely locations are at a site between the D loop (at nucleotides [19] [20] and the T loop (at nucleotides 59-60), and at a site in the sharp turn around nucleotides 8-12 between the 59 strand of the acceptor stem and the 59 strand of the D stem (Jack et al. 1977; Holbrook et al. 1977; Hingerty et al. 1978) . Hydrodynamic experiments indicate an overall more extended shape in the tRNA at magnesium concentrations below 100 mM (Eisinger et al. 1970; Danchin and Gueron 1970; Römer et al. 1970; Willick and Kay 1971; Robison and Zimmerman 1971) . Quantitative measurements made by a hydrodynamic method (Friederich and Hagerman 1997; Hagerman 1997) and by gel mobility shift (Friederich et al. 1998) show that above 3 mM Mg 2+ the interstem angle between the acceptor stem and anticodon stem is nearly the same as that observed in the crystal structure, but at micromolar Mg 2+ concentrations the interstem angle is z150°. Favre and coworkers (1975) used UVA irradiation (l>324 nm) of various Escherichia coli tRNAs to activate the 4-thiouridine at position 8 (s 4 U8) and showed that it specifically crosslinks to nucleotide C13. The rate for the photocrosslinking reaction at 25°C is different for different tRNAs and depends on the buffer conditions (Favre et al. 1975 (Favre et al. , 1979 . It was also found that a mutation in the D stem of (sus + ) tRNA Trp caused a decrease the rate of photocrosslinking compared to value seen in the (wildtype) tRNA Trp ; this was taken as evidence for a conformational difference due to the alteration of the tRNA structure in the D stem (Favre et al. 1975; Favre and Thomas 1981) . In addition, the photocrosslinking rate for tRNA Phe was reduced by more than twofold when it was irradiated in a complex with tRNA synthetase (Favre et al. 1979) . These studies indicate that the photocrosslinking reaction is very sensitive to conformational differences in the tRNA (Favre et al. 1975) .
A quantitative model for the photocrosslinking process will help to connect differences in photocrosslinking rates to differences in the molecular properties. Information relevant to the mechanism came from our analysis of RNA-RNA photocrosslinks in ribosomal RNA induced by UV irradiation (Wilms et al. 1997; Shapkina et al. 2004) or by UVA irradiation of ribosomes containing s 4 U (Nanda and Wollenzien 2004) . These are both zero-length crosslinking reactions, like the s 4 U8-C13 crosslink in tRNA, and, for both of these reactions, formation of the photocrosslinks depends on the direct contact and correct orientation of the two participating nucleobases. The availability of the atomic structure of the 30S ribosomal subunit (Wimberly et al. 2000 ) allowed calculation of parameters that describe the internucleotide geometry at the sites where photocrosslinks had been observed. These measurements indicated a correlation between the reciprocal C19-C19 internucleotide distances and the photocrosslinking frequencies; the correlation coefficients have values between 0.39 to 0.7 using the Thermus thermophilus 30S structure (Wimberly et al. 2000) or two E. coli 30S structures (Schuwirth et al. 2005) . These correlations and the comparison of the data for the UV-and UVA-s 4 U-induced crosslinks are consistent with reaction mechanisms that involve transient movements, which occur during the excited electronic state lifetime of the nucleobase, to bring the pairs of nucleobases from their equilibrium positions to the arrangement needed for photoreaction, rather than mechanisms in which there are stable alternate local conformations at the crosslinking sites (Huggins et al. 2005 ). An important feature of this mechanism is that the transition state for the photoreaction is reached without the system having to go through any higher potential energy. The tRNA tertiary structure at s 4 U8-C13 suggests that a similar situation exists in the tRNA, and the same mechanism is assumed in generating an empirical equation to describe the rate of photocrosslinking.
The correlation coefficients between crosslinking frequencies and internucleotide distances are less than unity, so another factor must also affect the crosslinking frequencies. For the 16S rRNA it is likely that local flexibility, determined by hydrogen bonding and packing density, is responsible for inhibition at many potential sites and the modulation of the frequency at the sites where photocrosslinks occur (Huggins et al. 2005 ; W. Huggins, K. Nanda, S.K. Ghosh, T. Shapkina, and P. Wollenzien, unpubl.) . If this is the case, then the rate of photocrosslinking should increase as the temperature increases to reflect greater accessibility to the precise structures needed for photoreaction, which is determined by the conformational potential energy landscape. Such a response should allow the determination of the activation energy for the movement of the two nucleobases that participate in the photoreaction.
The temperature dependence of the rate of photocrosslinking for tRNA fMet , tRNA Phe , and tRNA Val under different conditions has been investigated in this report. The data of Favre et al. (1975) that the photocrosslinking reaction follows first order kinetics are confirmed, and we further show that the rate constants increase with temperature and follow Arrhenius behavior, so that an activation energy can be determined. The apparent geometry at the photocrosslinking site also can be calculated for tRNA under different conditions. The measurements show that differences in geometry and flexibility can be separately determined by this approach. The data quantitatively confirm the stabilization of the canonical form of the tRNA by Mg 2+ . Favre et al. (1975) and Favre (1990) . The separation of the tRNAs by electrophoresis on 8% polyacrylamide gels resulted in the appearance of a faster migrating band in Fig. 2A) , rather than a slower mobility band, which would be expected for a molecule with a covalent loop (Lemaigre-Debreuil et al. 1991; Behlen et al. 1992; Wilms et al. 1997) . To confirm that this faster band contained the s 4 U8-C13 photocrosslink, RNA from both bands was isolated and subjected to partial alkaline hydrolysis and RNA sequencing (Supplemental Material). In the RNA from the faster moving band, C13 was involved in intramolecular crosslink; its partner must be s 4 U8, since that is the only nucleotide that absorbs the wavelengths used. The sequencing experiments ruled out other crosslinks involving s 4 U8 for the tRNA in solution. In addition, the gel electrophoresis analysis showed that there is some background radioactivity present at the position of the crosslinked tRNA even without irradiation and that not all of the original tRNA is photoreactive ( Fig. 2A) . The maximum amount of crosslinking in different samples is 70%-90% of the total. The background and maximum reaction need to be taken into account when determining the extent of reaction (see Materials and Methods) .
RESULTS

Determination
The progress of the s 4 U3C13 crosslink formation was followed by plotting the fraction of crosslinked tRNA fMet and tRNA
Val at 0°C or 45°C versus time (Fig. 2B) . The s 4 U3C13 crosslinking reaction is faster for tRNA fMet , and the maximum amount is reached by 5 min of irradiation (Fig. 2B) . In comparison, for the tRNA Val photoreaction the maximum amount of crosslink formation is reached after longer times and has a greater response to temperature than that seen for tRNA fMet (Fig. 2B) . For both tRNAs, the reactions go to the same total extent at all temperatures studied. The fit of these curves with a single rate indicates that the entire photoreactive sample behaves with the same kinetics. The tRNAs need to be renatured for reproducible results, indicating that the rates are attributable to a property of the native structure.
Plots of natural logarithm of the fraction of unreacted tRNA versus time were done to determine if the reactions were first order and to determine the apparent rate constants (Fig. 2C) . For both tRNAs, irradiations at both temperatures produced straight lines confirming a first order reaction. These data rule out temperature-dependent photoreactions other than crosslink formation that would prevent calculation of the photocrosslinking rate constant.
FIGURE 2. Analysis of kinetics of crosslink formation. (A) Gel electrophoresis separation of irradiated tRNA. tRNA fMet and tRNA Val were 39 end exchange-labeled and irradiated in HiFi buffer with wavelengths >320 nm for the indicated times at 0°C and 45°C. Bands 1 and 2 separate after electrophoresis on 8% polyacrylamide urea gel and contain the uncrosslinked and crosslinked tRNA as confirmed by RNA sequencing (Supplemental Material (Favre 1990 , Favre et al. 1998 , and the formation of neither the S 1 nor T 1 states is expected to be temperature dependent. However, there are several possible fates for the T 1 state besides photochemistry, including nonradiative energy transfer, radiative deexcitation (phosphorescence), collisional quenching, and nonradiative deexcitation, which would alter the excited state lifetime. Measurements made in buffers containing chloride ion, which quenches the T 1 excited state (Favre 1990) , or acetate ion indicate that collisional quenching does not occur as long as the tRNA is in the native conformation (data not shown). Of the remaining processes, nonradiative deexcitation must account for the majority of the deexcitation (Favre 1990 ) and this could be temperature dependent (Turro 1991) . To determine if this were the case, the phosphorescence emission intensity, which reflects the excited state lifetime, was measured at different temperatures; it was seen that all of the tRNAs exhibit decreases in phosphorescence emission intensity as the temperature increases. Factors to correct the measured photocrosslinking rate constants were calculated from the emission intensities using emission at 25°C as the reference temperature. The correction factors for the temperature effect are listed in the Supplemental Material.
Arrhenius plots to determine activation energies for photocrosslinking
Rate constants for a photochemical reaction depend on the maximum rate of the photochemistry and, through the Boltzmann relationship, on an activation energy (E a ) associated with bringing the reactants into the transition state (Turro 1991) . For the tRNA photocrosslinking reaction, the activation energy is attributable to the conformational potential energy change needed to move the photoreactive bonds of s 4 U8 and C13 away from their relaxed equilibrium positions and into van der Waals contact and correct alignment for reaction. The rate constant could also depend on the entropy change associated with reaching the transition state, although for a unimolecular reaction this is usually negligible (Jencks 1969 ). This would be part of the preexponential term in the rate constant equation. In tRNA this could result from changes in the interaction with solvent or ions or changes in the conformational entropy. It will be seen that the preexponential term varies by >20-fold under different conditions, and it is very unlikely that this difference is due to differences in the entropy change (see Discussion). On the other hand, we had already observed that photocrosslinking frequencies tend to be larger for sites in the rRNA where the internucleotide distance is smaller (Huggins et al. 2005) . Therefore the expression for the crosslinking rate constant should contain the inverse of the s 4 U8-C13 internucleotide distance to incorporate this dependence. This gives the empirical equation
where k 1, corr is the measured first-order rate constant corrected for differences in the excited state lifetime values; A is the factor that incorporates the rate of the photochemical reaction as well as instrumentation factors; DRBD is the distance between the centers of the C4-S4 bond of s 4 U8 and the center of the C5-C6 bond of C13 minus the distance between the bonds at direct contact, 3.4 Å ; E a is the activation energy; and R and T are the gas constant and temperature.
The activation energy can be determined by the Arrhenius method by finding the slope of the dependence of ln (k 1,corr ) on 1/T:
Favre and coworkers (1975) previously characterized three different classes of E. coli tRNAs depending on whether their rates for photoreaction at 25°C were faster, slower, or equal to bulk unpurified E. coli tRNA. Three tRNAs were used to investigate the temperature dependence of the photocrosslinking rate: tRNA fMet (faster rate than bulk tRNA), tRNA Phe (slower rate than bulk tRNA), and tRNA
Val (rate equal to that of bulk tRNA). Each tRNA was [ 32 P] labeled and renatured in HiFi buffer (50 mM Tris at pH 7.5, 30 mM KCl, 70 mM NH 4 Cl, 3.5 mM MgCl 2 , 8 mM putrescine, 0.5 mM spermidine) before irradiation as described in the Materials and Methods. Samples were irradiated for 1 min at temperatures from 0°C to 50°C to obtain apparent k 1 values. The k 1 values were corrected by multiplying by the factors to compensate for differences in the excited state lifetime intrinsic to each tRNA and due to temperature (Supplemental Material). Plots of corrected rate constants versus temperature for the three tRNAs are shown in Figure 3A .
The photocrosslinking rate constants increase with temperature for all three tRNAs. At 25°C the largest rate constant occurs in tRNA fMet , 0.022 sec
À1
, which is nearly Table 1 ). This trend is in good agreement with the results of Favre et al. (1975) , although the absolute values between the tRNAs are different than in their report, but this can be attributed to differences in irradiation and buffer conditions and to the fact that the rate constants have been corrected for excited state lifetime differences. Arrhenius plots were done with the data (Fig. 3B ). The appearance of the plots for the three tRNAs are very similar, but there is a significantly smaller slope in the regression line for tRNA fMet compared to the two other tRNAs, which corresponds to an activation energy z5 kJ mol À1 less than for either tRNA Val or tRNA Phe .
Calculation of internucleotide distances for s 4 U8-C13 for the different tRNAs U8 and C5-C6 of C13) during the photocrosslinking reaction:
where all terms are the same as in Equation 1. Since k 1, corr and E a are experimentally determined, this provides a method to determine the distance between the reactive bonds at 25°C under different conditions if the value of the preexponential factor A is known. Since the reactive bonds have to be in van der Waals contact at the time of photoaddition, the calculation is an indication of what their distance separation must be in the equilibrium structure.
A was determined by postulating that there is a single value for it for all three tRNAs. High resolution structures for the E. coli tRNAs are not available, so the atomic structures of yeast tRNA fMet (Basavappa and Sigler 1991) , tRNA Phe (Shi and Moore 2000) , and tRNA Asp (Comarmond et al. 1986 ) were used to calculate values of DRBD for initiator tRNA and for elongator tRNA. With these values, A was calculated from the experimentally determined k 1, corr and E a values for each tRNA. These values were averaged and then used to recalculate DRBD for each tRNA.
The data and calculations of the distances between the reactive bonds at 25°C for the three tRNAs in HiFi are summarized in Table 1 . The rate constants are partly determined by the activation energy term of the rate equation. However the activation energies for tRNA Phe and tRNA
Val are nearly the same, but there is a twofold difference in the rate constant. The correction made for the difference in the excited state lifetimes contributes to the rate difference, but, even without that correction, a difference exists in the rate constants that can be attributed to a difference in the geometries of the molecules. For tRNA fMet , the much higher rate constant is correlated to the lower activation energy; however, the rate constant would be even greater if tRNA fMet had an s 4 U8-C13 internucleotide distance similar to either of the other tRNAs. Therefore in this case the discrepancy between the rate constant and the activation energy again can be attributed in a reasonable way to a difference in the internucleotide distance.
Calculation of force constant for the conformational flexibility in the tRNA The activation energy for the photocrosslinking reaction must originate in the tRNA tertiary structure. Nucleotide s 4 U8 is the first nucleotide following the acceptor stem, and its arrangement must be tied closely to the position of the acceptor stem. Nucleotide C13 is one half of the terminal base pair of the D stem with G22, and G22 in turn is also hydrogen bonded with m 7 G46 to form a base triple. In addition, s 4 U8 is hydrogen bonded to A14, which positions it in close proximity to the C13-G21-G46 base triple. As a consequence, changes in the orientation of the s 4 U8 and C13 nucleobases will require changes in the geometry of the tRNA core.
Values of the apparent change in the internucleotide distance, DRBD, and the activation energy (E a ) can be combined to calculate an apparent force constant for the tRNA movement. This can be done by assuming quadratic behavior for the potential energy with respect to the energy present in the structure when the s 4 U8 and C13 are in their equilibrium positions (see Materials and Methods). Rearrangement of the standard expression for the potential energy gives the force constant:
where E a is the activation energy, K r, app is the apparent force constant for a virtual bond between the centers of the photoreactive bonds, and DRBD is the distance displacement of the reactive bonds away from their equilibrium positions toward each other. The force constant is called apparent since it is based on the assumption that all of the geometry dependence of the rate constant is due to a distance change between the reactive bonds. The apparent force constants for tRNA fMet , tRNA Phe , and tRNA Val in HiFi buffer vary from 21 6 8 to 190 6 100 kJ mol À1 Å
À2
( Table 1) . The large uncertainties in the force constant values come from amplification of the uncertainties in the E a values when the exponential function of E a is calculated.
Dependence of activation energy of crosslink formation on buffer conditions
The stability and flexibility of RNA is known to depend on the concentration of both monovalent (K + , NH 4 + , Cl À ) and divalent ions, such as magnesium and putrescine, and polyamines, such as spermidine, in solution (Herman and Westhof 1998; Misra et al. 2003; Koculi et al. 2004) . Therefore alterations in the monovalent ion or Mg 2+ concentrations should produce differences in the photocrosslinking rates that would reflect changes in either, or both, the flexibility and structure of the tRNA. To measure this effect, the temperature dependence experiments were repeated on tRNA Val using buffers differing in monovalent and divalent ion concentration and identity. The first series of buffers was varied in the Mg 2+ concentration (0-20 mM Mg 2+ ) and the second series was varied in the monovalent ion concentration (100-1000 mM NH 4 Cl). The last buffer was HiFi buffer without Mg 2+ to contrast the effects of the polyamines and magnesium.
Corrections were made to the measured rate constants to account for differences in the excited state lifetimes at 25°C and to account for the temperature dependence of the lifetimes as described in the previous section. Plots of the rate constants versus temperature for tRNA
Val irradiated in these buffers show that the rate constants increase with increasing temperature in all buffers, and Arrhenius plots are linear and show that the activation energies depend strongly on the conditions (Supplemental Material). (Fig. 4 ). For tRNA Val in 100 mM NH 4 Cl, the activation energy is less than half its value in HiFi buffer, and the rate constant is such that the apparent distance between s 4 U8 and C13 is z15 Å . As a consequence of these values, the force constant is over three orders smaller in the 100 mM NH 4 + buffer compared to its value in the HiFi buffer. These parameters indicate that in the absence of Mg 2+ there is a much larger flexibility in the molecule and that the structure must be significantly different than the structure in the presence of Mg 2+ . As the NH 4 Cl concentration is increased from 100 to 1000 mM, the activation energy increases by z70% to nearly 18 kJ mol
À1
. However, the photocrosslinking rate constant is such that the apparent s 4 U8-C13 distance is still z7 Å in 1000 mM NH 4 Cl. As a consequence, the apparent force constant is only z7 times the value it has in the 100 mM NH 4 + buffer. This is still over 500 times less than the value in HiFi buffer or in the buffer containing 20 mM Mg 2+ . In the buffer containing 100 mM NH 4 + plus 0.5 mM Mg 2+ , the activation energy is nearly 22 kJ mol À1 and the rate constant is such that the apparent s 4 U8-C13 distance is 1.5 Å . These values correspond to an apparent force constant of 9.7 kJ mol À1 Å
À2
. When the Mg 2+ concentration is increased to 1 mM there is a significant increase in activation energy that results in a significant decrease in the apparent s 4 U8-C13 distance and an increase in the apparent force constant. Additional increases in the Mg 2+ concentration up to 20 mM result in increases in the activation energy together with decreases in the photocrosslinking rate constants. The combination of values in the buffer containing 20 mM Mg 2+ results in an apparent internucleotide distance that is nearly the same as it is in HiFi buffer.
tRNA Val was also measured in a buffer containing the components of HiFi buffer but without Mg 2+ . Under these conditions there is a slight reduction in the rate constant and a little larger reduction in the activation energy. These values indicate a little larger distance separation between s 4 U8 and C13 and a sixfold reduction in the apparent force constant. This result indicates that the putrescine and spermidine that are in the HiFi buffer do not replace the role of Mg 2+ in the tRNA structure.
DISCUSSION
The tRNA photocrosslinking reactions show a single first order behavior indicating a single structural conformer at U8-C13 photocrosslinking site. In addition, Arrhenius behavior is seen in all of the samples with activation energies that depend on the identity of the tRNA and on the buffer conditions. These results support the model for the photocrosslinking mechanism in which the transition state for the reaction is reached during conformational excursions from an equilibrium lowest free energy structure. As a consequence the rate of reaction is determined by the conformational potential energy of the transition state rather than by the potential energy of any barrier that might occur between the lowest potential energy state and the transition state. Differences in the observed rate constants are not accounted for by the activation energies alone. From a study of the connections between internucleotide geometry and photocrosslinking frequency in ribosomal RNA, we expected that photocrosslinking rates would depend on the internucleotide distance (Huggins et al. 2005 ). This dependence is probably due to the fact that the excited state lifetime of the s 4 U limits the extent of the conformational excursions. The expression for the rate constant therefore contains terms for both the activation energy and the apparent displacement of the photoreaction bonds during the reaction.
The preexponential part of the equation for the rate constant could depend on the entropy change associated with reaching the transition state (Jencks 1969 ). In the case of the unimolecular reaction in tRNA, entropy changes could occur because of changes in the interactions with water or ions or due to changes in the conformational entropy. Since the same photochemistry occurs under all of the buffer conditions and temperatures, the reactions must go through the same transition state, so any differences in the entropy change under different conditions would have to be due to entropy differences in the equilibrium structures. The preexponential term in the equation describing the rate constant is larger by >20-fold for the reaction when the tRNA is in the more extended form in the absence of Mg 2+ compared to the reaction when the tRNA is in the canonical form in the presence of Mg 2+ . If this difference were due to interactions between tRNA and water or ions, the extent of the interactions would have to be less in the extended form, which seems unlikely. On the other hand, an entropy change could be due to differences in the conformational entropy. In this case the extended tRNA form would have to possess larger conformational entropy than the canonical form and this would be consistent with a greater flexibility. However since the entropy is determined by the logarithm of the conformational space, this would require over a 20-fold greater conformational space for the extended form compared to the canonical form. It is impossible to rule this out, but it is unlikely, since only a small fraction of the nucleotides in the tRNA seem to be involved with its conformational change (Tung et al. 1984; Nakamura and Doi 1994; Matsumoto et al. 1999 ). In addition, in-line probing experiments, which measure the spontaneous hydrolysis at the phosphodiester bonds and depend on the intrinsic flexibility of the nucleotide unit (Dock-Bregeon and Moras 1987; Soukup and Breaker 1999) , have been done on tRNA with buffers with and without Mg 2+ and show that a limited number of nucleotides have differences in reactivity, and these changes involve both increases and decreases in reactivity (data not shown). As a consequence, differences in the conformational entropy of the tRNA under different conditions could probably at best account for a small part of the variation in the preexponential term.
The corrected rate constants for photocrosslinking for tRNA Val . The rate constant differences can be accounted for by modest differences in the s 4 U8-C13 geometry in each tRNA. In addition, in tRNA Val , which has been studied as a representative, the activation energies increase as the monovalent ion concentration or the Mg 2+ concentration increase-the range is 12.1 kJmol À1 to 26.6 kJmol
À1
-and, under the same conditions, the values calculated for the s 4 U8-C13 distances decrease-the range is from z15 Å to 0.36 Å . These changes in the properties of the tRNA under different conditions show that the rate equation links the rate constants to the conformational energy and the geometry in a self-consistent way.
The temperature dependence of the s 4 U emission intensity at 510 nm provides additional evidence for flexibility changes in the tRNA. The plots of emission intensity show exponential decrease with temperature (see Supplemental Material). Emission intensity must be inversely related to the rate of the nonradiative deexcitation, which is the predominant mode for deexcitation. Arrhenius plots of the reciprocal emission intensity provide estimates of the activation energy for the deexcitation process, which are z15 kJ mol À1 in HiFi buffer and 10 kJ mol À1 in buffers without Mg 2+ , irrespective of the tRNA identity. The reason for the temperature dependence of the deexcitation rate is not clear, but it must come from an internal process somehow connected to the structure because the s 4 U8 in the tRNA is not subject to collisional quenching or energy transfer. The activation energies for deexcitation are different than for photocrosslinking, but they are larger for tRNA in buffers with higher concentrations of Mg 2+ and smaller in buffers containing only monovalent cations; this difference is consistent with the idea that the internal flexibility is changing in response to the Mg 2+ content. The photocrosslinking data indicate progressive conformational differences in the tRNA Val as the monovalent ion concentration is increased from 100 to 1000 mM and a large change when even submillimolar Mg 2+ is present. Overall the changes in the apparent distance between s 4 U8 and C13 decrease from a value of z15 Å in the buffer with . These values indicate an exceedingly flexible structure under the lowest ionic strength. However, even the largest of these force constants is small compared to the C-C covalent bond stretching force constant, 1200-2000 kJ mol À1 Å À2 (Weiner et al. 1986 ). The apparent force constants determined here are in keeping with the energy change associated with bending the tRNA in small angles.
The shape of yeast tRNA Phe determined by transient electric birefringence in a buffer containing 15 mM NaPO 4 (pH 7) and 0.01-10 mM Mg 2+ indicated an interstem angle of 154° (Friederich and Hagerman 1997) . There was a large change in the tRNA behavior at Mg 2+ concentrations between 10 and 200 mM. The terminal decay time decreased to a minimum at 200 mM Mg 2+ , corresponding to an interstem angle of 70°, and increased a little as the Mg 2+ concentration was increased to 10 mM, corresponding to an angle of 80°-90°. Changes in the tRNA interstem angle and flexibility were also measured by the gel electrophoretic mobility of RNA molecules with the yeast tRNA Phe sequence (Friederich et al. 1998 ). Mobility differences confirmed the Mg 2+ dependence of both the tRNA bend angle and the flexibility. The flexibility change could not be unambiguously calculated. However, one model predicted a 50-fold decrease in the torsional elastic constant, a measure of the flexibility, although the values in low Mg 2+ concentrations should also be affected by changes in the persistence length of the RNA (Friederich et al. 1998) .
It was not possible for us to use the same ionic conditions of Friederich and Hagerman (1997) and Friederich et al. (1998) due to the instability of the tRNA at higher temperatures. However, it is likely that we are observing the same overall conformational transition in the tRNA from the extended flexible structure that it has in 0-10 mM Mg 2+ to the canonical structure that it has in buffers containing at least 200 mM Mg
2+
. The photocrosslinking indicates an apparent distance between s 4 U8 and C13 and although this does not directly provide information about the overall extension of the tRNA structure, the changes in its value are correlated to the changes in the interstem angle determined by Friederich et al. (1998) .
The fold difference in the apparent force constant calculated from photocrosslinking in buffers with high Mg 2+ compared to buffers with no Mg 2+ is z4000, much larger than the fold difference estimated from the gel electrophoresis mobility measurements. This could be due to the different ionic conditions that have been used in the experiments. Alternatively, this could be due to an overestimate of the apparent s 4 U8-C13 distance, especially under conditions of 0 mM Mg 2+ , which would strongly affect the calculation of the apparent force constant. The reason for a possible overestimate of the distance change is that we have used the dependence of the rate constant on internucleotide geometry as being due entirely to the distance between the photoreactive bonds. It would be reasonable that the rate constant will actually depend on a combination of changes in the distance and angle between the photoreactive bonds. Dependence on a combination of distance and angle was not used here because, in the statistical analysis of the factors for the crosslinking frequency in the rRNA, the internucleotide angle did not show a correlation to the frequency (Huggins et al. 2005) .
There have been several descriptions of the flexibility of the tRNA from normal mode analysis and from a computational simulation of conformational changes. Two studies that employed normal mode analysis identified very similar lowest frequency modes that corresponded to movements of the acceptor stem and anticodon stem in the same direction and in the opposite direction of the elbow region (Nakamura and Doi 1994; Matsumoto et al. 1999) . A maximum value of the bend angle due to thermal fluctuations of z5°was described by Nakamura and Doi (1994) , and they concluded that this bend originated from a hinge centered in the elbow region. Matsumoto et al. (1999) concluded that the movements originated at deformations around the base pair U7-A66, at the interior end of the acceptor stem, and at deformations around the base pair C28-G42 in the anticodon stem, so that the tRNA could be thought of as three blocks. The calculation of the RMS displacement values for the lowest mode and the mode frequencies are very similar in these two studies, so it is likely that there are different interpretations because of the way in which the nucleotide movements were classified.
A molecular mechanics analysis was done by Tung et al. (1984) to determine how the acceptor end-anticodon end distance could lengthen or shorten with as small as possible an energy increase. The conformational change was treated as an angular bending movement of the arms of the tRNA. A series of bending centers were identified that resulted in the low energy increases as the tRNA extended or bent acutely. For increase or decrease in the angle of bending up to z6°, the center of bending was located at a point halfway between the phosphates of nucleotides 8 and 49 (P8 and P49), and the energy change was &5 kcal. For additional extension up to 36°, the bending center was switched to the N1 atom of nucleotide 59. The total energy change for the maximum angle of bending in the core of 118°was 34 kcal mol
À1
. Additional extension was centered progressively around the Robertus/Klug hinge at the acceptor stem/T stem junction, at a point between P26 and P46, and then at a point between P27 and P44. The total increase in the angle was 54°at an energy increase of 52 kcal mol
. Since the angle in the canonical form is 82°, the total maximum angle between the acceptor stem and anticodon stem is z136°. ). The bending angle associated with this distance displacement, if the bend center is at a point between P8 and P49, would be a little <3°. This is in good agreement with the extent of movement under thermal energy determined by normal mode analysis (Nakamura and Doi 1994; Matsumoto et al. 1999) as well as with the energy associated with small deformations calculated by molecular mechanics (Tung et al. 1984) .
Our data are also consistent with a change in the bending center as the tRNA becomes extended. As described, the s 4 U8-C13 distance of 0.36 Å is easy to reconcile with a bend center at P8-P49. However, for the s 4 U8-C13 distance of 7 Å that is measured when the tRNA is in the T 20 A 1000 buffer, the bend center must be at a location farther away from s 4 U8-C13. The reason for this is that if the bend were at P8-P49, a 7 Å s 4 U8-C13 distance would predict an increase in the bend angle of 42°, which is larger than possible for the core structure. On the other hand, if the bend center is at N1 of A59, an increase in the angle of bending would be 30 Å , closer to the measurements of the tRNA bend from the hydrodynamic measurements and the molecular mechanics prediction. However, for the measured s 4 U8-C13 distance of 15.8 Å , even with the bend center at N1 of A59, an angular increase of z60°is predicted that is larger than the angle calculated from the gel electrophoresis measurements or the molecular mechanics study. This suggests that part of the dependence of the photocrosslinking rate on geometry is on the angle between the bonds, which would reduce the apparent distance between s 4 U8 and C13. Beyond small degrees of bending, there must be a significant change in the organization of the tRNA core region that involves the loss of the Mg 2+ binding site. The apparent force constant for s 4 U8-C13 movement in HiFi buffer or in T 20 A 100 M 20 buffer is 200 kJ mol À1 Å
À2
. If that apparent force constant described the energy when the s 4 U8-C13 distance increased to 15.8 Å , it would predict an energy increase of z47,000 kJ mol À1 (11,000 kcal mol À1 ), far more than the 90 kcal mol À1 estimated from the molecular mechanics calculation or the 12.1 kJ mol À1 (2.8 kcal mol
À1
) measured in the photocrosslinking experiments when the tRNA is without Mg 2+ . These results point to the strong effect of Mg 2+ in maintaining the structure in the tRNA core that is resistant to deformations. This is a very specific effect because there is quite a large difference in the properties of the tRNA in T 20 A 100 M 7 versus HiFi M 0 , which have nearly the same divalent cation concentration but have 7 mM Mg 2+ replaced with 8 mM putrescine and 0.5 mM spermidine. There is a fourfold larger apparent force constant in the T 20 A 100 M 7 buffer than in the HiFi M 0 buffer, so the putrescine and spermidine do not functionally replace Mg 2+ . The apparent force constant is much smaller when the divalent ion is replaced by even large concentrations of monovalent ions. The apparent force constant is 30-fold larger in the T 20 A 100 M 0.5 buffer compared to the T 20 A 1000 buffer. The experimental strategy described here provides the two measurements, k 1 and E a , to characterize the photochemical reaction. The quantitative analysis shows that the photocrosslinking rate constant can be accounted for in terms of the geometry at the photoreactive site together with the activation energy, which can be associated with the conformational energy change during the photocrosslinking reaction. These give self-consistent values for the changes in the tRNA, particularly with respect to the properties it has under conditions with different Mg concentration. The experiments demonstrate a high sensitivity to the environmental conditions.
MATERIALS AND METHODS
39-end labeling of tRNAs
E. coli tRNA fMet , tRNA Val , and tRNA Phe (Sigma or Chemical Block) were 39-end labeled by the PPi exchange reaction using the Bacillus stearothermophilus CCA enzyme as previously described (Yue et al. 1998; Wolfson and Uhlenbeck 2002; Huggins and Wollenzien 2004) . To ensure that the tRNA had fully restored ends, after incubation with [a-32 P]ATP under exchange conditions, ATP and CTP were added to a final concentration of 1 mM and the mixture was again incubated at 55°C for 3 min. The samples were then phenol and ether extracted and ethanol precipitated twice with 4 mg glycogen.
Irradiation procedures
tRNAs were irradiated with light in the UVA region as described (Nanda and Wollenzien 2004) . Aliquots of 39 [ 32 P] exchangelabeled tRNA Phe , tRNA Val , or tRNA fMet in microfuge tubes were submerged in a water filled sample well for irradiation with a 400 W mercury vapor lamp. The sample well was surrounded by a glass jacket containing a circulating solution of Co(NO 3 ) 2 to filter out wavelengths <320 nm and to regulate the temperature (Isaacs et al. 1977) . The light intensity in this device impinging on the microfuge tubes is z200 mW cm À2 . For time courses, 50 pmol of either 39 [ 32 P] end-labeled tRNA fMet or tRNA Val were dissolved in 200 mL HiFi buffer (50 mM Tris at pH 7.5, 30 mM KCl, 70 mM NH 4 Cl, 8 mM putrescine, 3.5 mM MgCl 2 , 0.5 mM spermidine), incubated at 10 min at 45°C followed by slow cooling, aliquoted into microfuge tubes in 100 mL portions, and stored on ice until needed. The samples were preincubated at least 3 min at 0°C or 45°C before irradiation. Samples of 10 mL were removed from each portion at 1-5, 10, 15, and 20 min. The irradiated tRNA was then precipitated with 0.5 M NH 4 OAc (pH 5.5), 4 mg glycogen, and 2.5 volumes of ethanol. After precipitation, samples were separated by electrophoresis on 8% PAGE sequencing gels, with 8. portions, and stored on ice. The tRNAs were equilibrated at different temperatures (every 5°C between 0°C and 50°C) at least 3 min in a separate water bath and irradiated for 1 min at the same temperature. After irradiation, RNA was ethanol precipitated with 4 mg of glycogen as a carrier before electrophoreses.
For the experiments in the different buffers, samples were 39 [ 32 P] end-labeled and renatured in HiFi buffer as described above. The samples were then dialyzed overnight against the appropriate buffer at 4°C, changing the buffer once. After dialysis, the samples were aliquoted, irradiated, and analyzed as described above.
Calculation of the rate constant for the s 4 U83C13 photocrosslinking
The amount of reaction at each time was determined by first subtracting the amount of background radioactivity present in the control (unirradiated) lane, and then dividing the amount of radioactivity in the crosslinked band by the total amount of radioactivity in the uncrosslinked and crosslinked bands RNA (Fig. 1) . This number was then subtracted from the total fraction of crosslinking possible (the fractional extent of crosslinking in the samples irradiated 20 min at 0°C or 45°C), and finally the difference was divided by the total fraction of crosslinking possible. This calculation yields the normalized fraction of uncrosslinked tRNA at each temperature. The natural logarithm of this value was plotted against time in the first order graphs (Fig.  2C) . The first order rate constants for the photocrosslinking reaction of s 4 U83C13 in both tRNA Val and tRNA fMet were calculated from the negative slope of these graphs.
Calculation of first order rate constants and activation energies
The first order rate constants for the photocrosslinking reactions at each temperature were determined from the fractional amount of crosslink product at 1 min. The correction and normalization described above yielded a quantity that was the fraction of noncrosslinked tRNA after 1 min irradiation. This was converted into the rate constant by taking the natural logarithm and dividing by 60 sec.
The activation energy was then calculated by plotting the natural logarithm of the rate constants versus the inverse of temperature in degrees Kelvin as described by Equation 2. The slopes of the regression lines to those graphs are ÀE a /R from which E a values were calculated.
Calculation of the preexponential A factor and DRBD
The rate constant for photocrosslinking, k 1 , and the activation energy, E a , are explicitly determined from the experiments. For reasons described in the text, the preexponential term has been separated into a term that depends on the internucleotide distance, 1/DRBD, and a constant factor, A. The term A was calculated using measured values for k 1 and E a and values for DRBD calculated from the tRNA crystal structures. Then to calculate A, Equation 1 was rearranged to yield
Distances between the reactive bonds (between the midpoint of the C4-O4 bond of U8 and the midpoint of the C5-C6 bond) in the X-ray structures of yeast tRNA Phe (Shi and Moore 2000) , yeast tRNA fMet (Basavappa and Sigler 1991) , and yeast tRNA Asp (Comarmond et al. 1986 ) were calculated and 3.4 Å , for the distance between aliphatic carbon atoms at van der Waals contact, was subtracted to obtain DRBD. Values for DRBD and E a for a tRNA under a specific condition allows calculation of an apparent force constant associated with the energy involved in the s 4 U8-C13 movement. The quadratic force equation, E=K r ðX À X 0 Þ 2 , was used for the energy associated with the movement of the reactive bonds away from the separation they have in the equilibrium structure. DRBD has already been defined as the distance displacement between the equilibrium distance and the distance needed for photoreaction, so it is equivalent to the displacement distance in the force law. Equation 4 follows immediately.
SUPPLEMENTAL DATA
Supplemental Material can be found at http://biochem.ncsu.edu/ faculty/wollenzien/wollenzien.htm.
